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ABSTRACT
This paper determines a suitable Inertial Measurement Unit (IMU) for the Attitude Determination and Control
System (ADCS) of the third satellite generation of the Munich Orbital Verification Experiment (MOVE). The
ADCS is required to provide an attitude determination with an accuracy of < 1 °, which has to be achieved with both
IMUs and sun sensors, at a low price, due to a low financial budget. In the context of this work, the three IMUs the
BNO055, ICM20948 and LSM9DS1 are selected and analyzed. Additionally, the LIS3MDL magnetometer and the
BMI088 gyroscope are used for further analysis and comparison. The error coefficients of each sensor measurement
are initially calculated through the Allan variance, and these are then verified through Welch’s power spectral
density estimate, simulations, and additional sensor measurements. Further temperature experiments are performed
to characterize the behaviour of the sensor under changing temperatures. Evaluating the most accurate error
coefficients found the BNO055 gyroscope to be the least affected by the white noise compared to the remaining
gyroscopes. The LSM9DS1 appears to be the sensor least influenced by the random walk and white noise term
among the magnetometers. The BNO055 magnetometer is the comparatively least affected by temperature changes,
while the BMI088 appears the most stable amongst the gyroscopes. Finally, the BNO055 IMU is recommended to
the ADCS of the MOVE-III CubeSat. It appeared to be the least influenced by different error sources and the
ambient temperature.
INTRODUCTION
Over 60 years ago, the Soviet Union launched
Sputnik-I, the world’s first artificial satellite, into orbit,
beginning the space race [1]. Since then, a multitude of
satellites has been launched into orbit, resulting in over
4,550 operational satellites as of September 2021 [2].
Many uncontrollable satellites and other discarded
debris can be found orbiting the Earth alongside the
operational spacecraft [3].
Tracking these particles is essential as their kinetic
energy can cause substantial damage to a functional
spacecraft [4]. Ground stations can track debris larger
than 1 cm, but ground tracking of smaller particles is
impossible with current technology [5]. A solution to
the lack of ground tracking ability can be provided
through the usage of satellites.
Munich Orbital Verification Experiment (MOVE)
The Munich Orbital Verification Experiment (MOVE)
is a student project and the satellite division of the
Scientific Workgroup for Rocketry and Spaceflight
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(WARR) at the Technical University of Munich
(TUM), which aims to provide students with hands-on
experience in the space industry through the
development of CubeSats.
After the successful launches of the 1U MOVE-II and
MOVE-IIb CubeSats in 2018 [6], the project aims to
develop the 6U CubeSat MOVE-III. The scientific
mission of this new satellite is to detect and analyze
submillimeter space debris in Low Earth Orbit (LEO).
The CubeSat’s overall attitude determination is vital to
the mission’s success in accurately determining the
detected debris’ position.
The Attitude Determination and Control System
(ADCS)
The ADCS is one of the vital systems of a satellite [7].
Its goal is to determine the attitude of the satellite
through its sensors and actively change it through
actuators [8].
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Multiple sensors are used because an accurate attitude
determination can be crucial for the scientific mission,
such as space debris detection and precise control. A
limited selection of sensors is listed below in Table 1
after [8].
Table 1: Limited overview of sensors for the ADCS
Sensor

Functionality

Gyroscopes

Measure the angular velocity

Magnetometers

Measure the magnetic field vector

The accurate selection and implementation of these
sensors are critical for a useful attitude determination.

Sensors Requirements
Several constraints heavily influence the amount of
feasible sensors for the MOVE-III mission. These are
gathered in Table 2.
Table 2: Sensor Requirements
Requirement
Accuracy

The overall attitude determination needs to
be accurate to under 1° for the MOVE-III
mission, meaning hat the selected sensors
need to be able to achieve this accuracy.

Availability

Due to the semiconductor shortage caused by
the COVID-19 pandemic in 2020 [13], many
sensors that might be of use are not available
on the market. The selected sensor should be
in stock, with more than 50 remaining
sensors in at least two online shops to ensure
availability.

Cost

As of writing, the MOVE project has limited
financial funds. This means that a possible
IMU should cost less than 20 €.

Documentation

Due to a general high turnover rate within the
MOVE project, documentation is essential
for future developers. The documentation
given by the manufacturers of a sensor has to
include register mapping to enable
implementation in DOSIS.

Overview of this Paper
First, this paper introduces possible IMUs for the
ADCS of the MOVE-III CubeSat. These IMUs have to
follow special requirements, which are also defined.
The selected sensors are characterized through various
experiments.
This characterization is then used to verify the
requirements for an IMU for the ADCS to select the
best possible option out of the considered sensors.
This paper concludes with a recommendation on the
sensor which should be used for the ADCS of the
MOVE-III CubeSat.
THEORETICAL BACKGROUND
Distributed Operating System Initiative for Satellites
(DOSIS)
The MOVE-III project uses and develops the software
platform Distributed Operating System Initiative for
Satellites (DOSIS), based on the Real time Onboard
Dependable Operating System (RODOS) [9].
DOSIS offers two components: drivers for abstracting
hardware and daemons for abstracting logic [10]. To
access registers from a sensor, a DOSIS driver must be
operated by a DOSIS daemon. The hardware
abstraction layer offered by RODOS handles the actual
hardware access.
The microcontroller used by the MOVE-III team is the
STM32L4-series microcontroller [11]. The Nucleo
development boards from STMicroelectronics [12], and
DOSIS are used throughout this paper.
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Explanation

Inertial Measurement Unit (IMU)
The Inertial Measurement Unit (IMU) is a combination
of multiple sensors. Here the combination of a
gyroscope for measuring angular velocity and a
magnetometer for measuring the ambient magnetic field
is considered. Due to its low-cost characteristic [8],
Micro-Electro-Mechanical Systems (MEMS) sensors
are the focus of this paper to adhere to the financial
funds within the MOVE project.
Gyroscope
Gyroscopes are characterized in this paper using the
terms summarized in Table 3.
Table 3: Gyroscope Characteristics
Name

Explanation

Range

Measured in [°/s] [14]

Sensitivity

Describes the gain of the
gyroscope [15] in Least
Significant Bit (LSB)
[(LSB/°)/s]

Offset of a resting gyroscope
(zero offset)

Measured in [°/s] [14]
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Temperature sensitivity drift

Influence of different
temperature on the readings of
the sensor in [%/K] [14] or
[%/°C]

Offset of a resting gyroscope
(zero offset) over temperature

Measured in [(°/s)/K] [14] or
[(°/s)/°C]

Scale

Multiplier to convert input
angle rate to voltage, given in
[(mV/°)/s] [16]

Nonlinearity

Deviation from the straight line
definition of the relationship
between the in- and output [17]
given in [%]

Angle random walk

Integration over a noisy angular rate
signal

Bias instability

The random flickering of internal
electronics

Rate random walk

Random error with uncertain origin

Drift rate ramp

Deterministic error

These error coefficients are analogous for the
magnetometers. To avoid confusion, a uniform naming
is introduced for this paper and gathered in Table .
Table 6: Introduced error coefficient names
Introduced
name

Equivalent
gyroscope after
[20]

Quantization
noise

Quantization noise

White or quantization
noise

Table 4: Magnetometer Characteristics

White noise

Angle random walk

Name

Random walk or white
noise

Flicker noise

Bias instability

Flicker noise

Random
walk

Rate random walk

Random walk

Magnetometers
Magnetometers can be characterized using the terms
gathered in Table 4.

Explanation

Range

Measured in [T] [14]

Sensitivity

Describes the gain of the sensor [15]
in [LSB/T]

Offset of a resting
magnetometer (zero
offset)

Measured in [T] [14]

Temperature
sensitivity drift

Influence of different temperature on the
readings of the sensor in [%/K] [14] or
[%/°C]

PRACTICAL APPROACH
Evaluation of Error Coefficients

Error Coefficients Evaluation
Power Spectral Density (PSD) describes how the
variance of a time series is distributed over a frequency
range [18]. Mathematically it is defined as a Fourier
transformation and is further described in [19].
The Allan deviation can be used to evaluate the random
noise sources corrupting sensor measurements [20]
[21].
Unlike the PSD, this technology is applied within the
time domain, as further explained in [19].

To evaluate the error coefficients of the sensor, the
Allan deviation is utilized. The Allan deviation of the
recorded data is evaluated using the method allanvar, as
implemented in MATLAB [24]. Additionally, Welch’s
power spectral density is implemented in MATLAB
through the pwelch method [25], which is used here for
the PSD. It is used to determine the error coefficients
using the PSD, which are then used to verify the error
coefficients of the Allan deviation.
To calculate error coefficients, undisturbed sensor data
is required. This data is collected in a closed room with
no disturbances over a period of over four hours. The
concrete test setup can be found in Figure 1.

Depending on the considered devices, analysis method,
and literature [19], [20], the names of the error
coefficients can vary. Possible noise factors for a
gyroscope are described in Table 5, alongside their
causes, as described in [20] and [22].
Table 5: Error coefficients and their causes
Error coefficient

Origin

Quantization noise

Piotrowski
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Repeated Heat Experiments
Temperature experiments were conducted with a heat
lamp. This heat lamp was positioned exactly 20 cm
above the sensor. The sensors were read out for 10
minutes, with the heat lamp being active in the first 5
minutes. The observed temperature during the
experiments ranged between roughly 25 °C and 60 °C.
A crucial aspect of these experiments is their
reproducibility to show the accuracy of the results. This
is why each experiment is repeated twice per sensor. A
third run is conducted to verify the calculated values, in
which new sensors of the same model were used.

Figure 1: Setup longterm experiments
All measurements were also conducted two sensors of
the same model, to ensure their reproducibility. The
calculation of the error coefficients is based on the code
given in [26], which fits lines with set slopes against a
plot, as described in Table II. The slopes used for the
analysis were also adapted to be used for the PSD.
Table 7 serves as a summary of the previously
introduced error coefficient and how to evaluate them
with the help of a log-log graph [18], [20], [26]. Table 7
does not include the drift rate ramp as an error source
for the gyroscope. This error source is neglected for the
remainder of this paper. No literature could be found
with a definition of this error through the PSD. The
”slope” values in the table refer to the slope of a fitted
line against the log-log graph, which visualizes the
respective error source. The ”readout” values refer to
the respective x- or y- coordinate to read out the error
coefficient.
Table 7: Summary of described slopes for Allan
deviation and PSD
Error
coeffic
ient

Slope
Allan
deviation

Quanti
zation
noise

-1

White
noise

-1/2

Flicker
noise

0

Rando
m
walk

1/2
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Read out Allan
deviation

Slope
PSD

Read
out PSD

x = √3

+2

x =1

x =1

0

x =1

y = √ (2ln 2/ x)

-1

x =1

x =3

-2

x =1

The recorded gyroscope or magnetometer data was
plotted against the recorded temperature data. The
temperature drift is the slope of a line fitted against the
plot using the polyfit [27] method.
RESULTS
Sensor Selection
The IMUs BNO055, ICM20948, and the LSM9DS1, as
well as the magnetometer LIS3MDL and the gyroscope
and accelerometer BMI088, were selected for this
paper. The IMUs had to adhere to the constraints. The
standalone sensors were merely selected to characterize
further and validate the IMU measurements. They are
not planned to be used on the final mission, so their
selection is not based on these constraints.
The BNO055 had already been in development as it has
similar characteristics to the BMX055, which has been
used on the satellite MOVE-II [28]. The temperature
sensitivity drift appeared to be relatively low for both
the magnetometer and gyroscope, at a value of less than
0.05 %/K [14].
The magnetometer specifications of the LSM9DS1
showed a smaller zero-rate offset for the magnetometer
than the BNO055 [15], which is why this IMU was
selected for further characterization.
Next, the ICM20948 was selected as the third IMU with
a lower zero-rate offset than the LSM9DS1 gyroscope
[29].
The datasheet of the LIS3MDL [30] indicates similar
characteristics to the LSM9DS1 [15], which made it
viable for a direct comparison.
The BMI088 showed similar characteristics considering
sensitivity and zero-offset compared to the BNO055.
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Additionally, its parameters regarding drift induced
from temperature changes were lower, which qualified
it as a direct comparison gyroscope [31].
Implementation
During the implementation of the ICM20948, issues
with the communication to the magnetometer were
encountered.
The temperature data of the BNO055, LSM9DS1, and
ICM20948, was read out in [°C]. For the LIS3MDL and
the BMI088, the read temperature values do not match
with the actual temperatures in [°C]. However, changes
in the ambient temperature did affect the temperature
sensor output accordingly. This change in values was
seen as a reasonable implementation, as the temperature
change was more important than the actual value.
Error Coefficients: Gyroscope
Figure 2 shows the closer evaluation of the x-axis of the
BNO055 gyroscope.

Figure 2: Allan deviation of the BNO055 gyroscope
x-axis
The Allan deviation of the BNO055 is shown
exemplarily for all considered gyroscopes. It can be
seen that the graph first falls at a relatively constant
slope of −1/2, before levelling out shortly and then
rising at a slope of roughly +1/2.

It can be observed that the slope of the white noise
appeared to be the best fit for the Allan deviation of the
here considered gyroscopes. This close fit indicates a
high accuracy in the respective error coefficients, which
is why only these values were considered further.
The white noise error coefficients of the gyroscopes’
axes were determined. To compare the devices, the
magnitude of the error coefficients per sensor was
calculated and used to sort the devices in ascending
order, as shown in Table 8. Alongside the magnitude,
the concrete error coefficients of each axis are shown in
the right column.
Table 8: Gyroscopes sorted by the magnitude of
their white noise error coefficients in ascending
order
Device
BNO055

2.6331⋅10−3

ICM20948

2.9218⋅10−3

LSM9DS1

5.4461⋅10−3

BMI088

1.2300⋅10−2
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White noise per axis
in [( rad / s ) / √ Hz]

( )
( )
( )
( )

1.5144
−3
1.8760 ⋅10
1.1311
2.1258
−3
2.0037 ⋅10
0.0052654
3.3869
−3
3.2936 ⋅10
2.7094

5.9126
−3
5.9868 ⋅10
8.9710

Table 8 shows the BNO055 gyroscope to have the
overall lowest white noise error coefficient, as indicated
by the magnitude of the coefficient vector. Contrary to
the BNO055, the error coefficients vector of the
BMI088 gyroscope appears to be the highest in this
comparison.
Error Coefficients: Magnetometer
Figure 3 shows the evaluation of the error coefficients
of the x-axis of the BNO055 magnetometer.

While there are lines equivalent to both the quantization
noise, indicated by the slope of −1, and flicker noise,
indicated by the slope of 0, fitted against the graph, they
only shortly fully describe the behaviour of the graph.
These two errors do exist but barely influence the xaxis of the gyroscope, which is why their values can be
ignored. These results are analogous to the remaining
gyroscope axes.
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It can be observed in Table 9 that the LIS3MDL overall
appears to be the magnetometer with the lowest
relevant error coefficients, and the LSM9DS1
magnetometer follows this sensor. Both of these
magnetometers stem from the same manufacturer ([15],
[30]), which might explain their similar behaviour. The
calculated error coefficients could be verified using the
PSD and additional sensor measurements.
Temperature Experiments
To better compare the sensors and their susceptibility to
temperature changes, the calculated drift data from the
first temperature experiment was calculated.
Figure 3: Allan deviation of the BNO055
magnetometer x-axis
The white noise error seems to be the dominant error
source for shorter cluster times. However, this
dominance does change at higher cluster times, when
first the flicker noise, and then soon after the random
walk becomes the dominant error source. While
represented in the graph as a line with a slope of −1, the
quantization noise barely influences the measurements
of the x-axis of the magnetometer.

Figure 4 shows the LSM9DS1 gyroscope during the
temperature experiment. The only variable throughout
the experiment is the ambient heat, which visibly
influences the sensor readings. All three axes deviate
from the zero value, with the x- and y-axes stronger
deviating than the z-axis. The temperature drift is
visualized with the fitted lines. This figure is
exampletory for all other considered sensors, though the
influence the ambient temperature had on other devices,
differs.

This can be seen analogous for the remaining
magnetometer axes.
The devices were sorted after the magnitude of the
concatenated vector of the white noise and flicker noise
error coefficients calculated with the Allan deviation
and based on the respective first recording. This
magnitude was calculated using all six error
coefficients relevant for the This is shown in Table 9.
Table 9: Magnetometers sorted by the magnitude of
their white noise error and flicker noise coefficients
in ascending order
Device

Magnitude
of both
vectors

LIS3MDL

0. 64711

LSM9DS1

0. 67504

BNO055

1.7755
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White noise per
axis in
[( μT / s ) / √ Hz]

( )
( )
( )
0.27599
0.27017
0.40829
0.27762
0.33568
0.39480
1.2058
1.1557
0.59239

Flicker
noise per
axis in [μT]

( )
( )
( )
0.14688
0.14360
0.24637
0.15262
0.16376
0.24484

Figure 4: Gyroscope recordings of the LSM9DS1
during the temperature experiment
The results were sorted by the magnitude of the
temperature drift for all three axes for both the
gyroscopes in Table 10 and in Table 11 for the
magnetometers in ascending order.

0.048810
0.098254
0.015409
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Table 10: Gyroscopes sorted by the magnitude of
their temperature drifts in ascending order
Device

Magnitude in
[( ° /s ) / K]

BMI088

9.9384⋅10− 5

BNO055

2.9218⋅10−3

ICM20948

25.272⋅10−3

LSM9DS1

88.046⋅10−3

Temperature drift
per axis in
[( ° /s ) / K]

( )
( )
( )
( )

−3.4756
−5
6.8768 ⋅10
−6.2771

3.7438
−4
30.917 ⋅10
8.3141
−1.5330
−2
−2.0091 ⋅10
0.010184

7.4197
−2
4.6638 ⋅10
−0.84739

Table 10 shows, that the BMI088 gyroscope appears to
have the comparably lowest temperature drift. Next, the
BNO055 gyroscope shows an overall low-temperature
drift, though higher than the BMI088. The LSM9DS1
gyroscope seems to be the most affected by the ambient
temperature.
Table 11: Magnetometers sorted by the magnitude
of their temperature drifts in ascending order
Device

Magnitude in
[μT /K]

BNO055

7.0188⋅10−2

LSM9DS1

38.090⋅10−2

LIS3MDL

72.460⋅10−2

Temperature drift
per axis in [μT /K]

(
(
(

0
0.017442
−0.067986
−0.29430
0.20449
0.12907

0.35118
−0.49300
−0.39834

)
)

)

Table 11 shows that the BNO055 magnetometer
appears to have the comparably lowest temperature
drift, as its magnitude is the lowest. Contrary to this, the
LIS3MDL magnetometer is the most affected by the
ambient temperature.
CONCLUSION
The conducted experiments show that the BNO055
gyroscope appears to be the most stable out of the
considered sensors regarding the white noise, while the
LIS3MDL magnetometer seems to be the most stable
both in random walk and flicker noise.
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Considering the temperature drifts of all three axes, the
most stable magnetometer appears to be the BNO055,
while the most stable gyroscope is the BMI088. The
summarized findings are depicted in Table 12.
Table 12: Summarized results
Gyroscope

Magnetometer

Lowest error
coefficients

BNO055

LIS3MDL

Lowest
temperature drift

BMI088

BNO055

Out of the analyzed sensors, the BNO055 is a viable
choice for a low-cost commercial-off-the-shelf IMU for
the ADCS of the MOVE-III CubeSat. This IMU
fulfilled the initial requirements of being available, in
the lower price range and sufficiently documented for
the implementation in DOSIS.
The gyroscope also showed the comparably lowest
error coefficients, while the magnetometer showed the
lowest temperature drift. In comparison to the other
sensors considered in this thesis, this was deemed as
sufficient for a recommendation to the ADCS. Further
work needs to be conducted to determine the final
accuracy of the IMU.
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